In this era of more rational therapies, substantial efforts are being made to identify optimal targets. The discovery of translocations involving the Anaplastic Lymphoma Kinase (ALK) receptor tyrosine kinase in a subset of non-small cell lung cancers has become a paradigm for precision medicine. Notably, ALK was initially discovered as the fusion gene in anaplastic large cell non-Hodgkins lymphoma, a disease predominantly of childhood. The discovery of activating kinase domain mutations of the full-length ALK receptor as the major cause of hereditary neuroblastoma, and that somatically acquired mutations and amplification events often drive the malignant process in a subset of sporadic tumors has established ALK as a tractable molecular target across histologically diverse tumors where ALK is a critical mediator of oncogenesis. We are now uncovering the re-expression of this developmentally regulated protein in a broader subset of pediatric cancers, providing therapeutic targeting opportunities for diseases with shared molecular etiology. This review focuses on the role of ALK in pediatric malignancies, alongside the prospects and challenges associated with the development of effective ALK-inhibition strategies.
INTRODUCTION
The Anaplastic Lymphoma Kinase (ALK) oncogene is a receptor tyrosine kinase that is known to be oncogenically activated either by point mutations or by chromosomal translocations, and has emerged as potentially relevant biomarker and therapeutic target in pediatric solid and hematologic malignancies. Its expression is restricted to developing neural tissue and absent from other normal tissues (1, 2) , providing the opportunity for a therapeutic window using targeted small molecule and/or immunotherapeutic approaches. ALK was first described over 20-years ago as part of a genetic rearrangement in a subset of anaplastic large-cell non-Hodgkins lymphoma patients (3) and was later identified to give rise to an oncogenic fusion proteins in nearly half of inflammatory myofibroblastic tumors (4, 5) . In 2007, new ALK rearrangements were identified in 3-5% of patients with non-small cell lung cancer (NSCLC), corresponding to ~50,000 patients worldwide each year (6) . This pivotal discovery drove early-phase clinical studies of a dual ALK/MET small molecule inhibitor, crizotinib, in pretreated patients with advanced relapsed/refractory NSCLC harboring ALK rearrangements (7) . Here we review the role of ALK as a critical mediator of oncogenesis across pediatric malignancies.
ALK TRANSLOCATION-DRIVEN PEDIATRIC CANCERS Anaplastic Large Cell Lymphoma
The ALK gene was first discovered in 1994 as a fusion oncogene with nucleophosmin (NPM) in a subset of anaplastic large cell lymphomas (ALCL), a malignancy predominantly of childhood, from a translocation involving the ALK gene on chromosome 2p (3). Since then, multiple fusion partners forming ALK chimeric proteins have been identified in this disease, and ALK fusions have also been reported in diffuse large-B cell lymphomas (8) . ALCLs represent a well-recognized and distinct subgroup of nonHodgkin lymphomas that account for 10-15% of all childhood lymphomas (9, 10) , and are characterized by the expression of the membrane receptor CD30, a member of the nerve growth factor/tumor necrosis factor receptor family (11) . The vast majority of pediatric cases harbor the characteristic ALK gene translocation (83% versus 31% in adult ALCL) with overexpression of the ALK protein, and it is possible that variant ALK fusion transcripts may identify biologically and clinically distinct subgroups of ALCL (12, 13) . These fusion proteins can all be recognized immunohistochemically on fixed tissue as well as by molecular and cytogenetic techniques. Interestingly, primary cutaneous ALCL is ALK negative and thought to be an unrelated disease entity. Children with advanced-stage ALCL have not fared well, with disease-free survivals in the range of 50-80% using chemotherapeutic regimens varying in duration and intensity (10, 14) .
Because ALK is not expressed in most normal cells, the possibility exists that the ALK protein would be the target of an immune response, which could explain the paradox that ALK-positive ALCL is highly aggressive histologically but has a better prognosis than other large cell lymphomas. The possibility that ALK proteins are immunogenic was investigated by Pulford and colleagues, and circulating antibodies against NPM-ALK protein were found to be present in all ALK-positive ALCL patients studied while several patients also had antibodies recognizing normal ALK protein (15) .
These data suggest that the presence of anti-ALK antibodies may be relevant to the more favorable prognosis of ALK-positive ALCL.
While numerous clinical studies have used a wide range of chemotherapeutic strategies, no intervention has been able to improve on the approximate failure rate of 25-30% that exists regardless of treatment strategy. In addition, disease progression while receiving chemotherapy portends a very poor prognosis, with only 25% expected to survive even with aggressive salvage therapy, including allogeneic transplant (16, 17) .
Quite remarkably, the Children's Oncology Group phase 1 trial of single-agent crizotinib revealed marked anti-tumor activity in eight out of nine patients with relapsed ALKtranslocated ALCL at a range of doses (18) . Crizotinib was well tolerated without evidence of cumulative toxic effects. Nine patients with ALK-translocated ALCL were enrolled, all of who received previous multi-agent chemotherapy, and seven had a complete and sustained response with crizotinib monotherapy. As we await the results from the phase 2 trial and an update on the status of durability of response in the ALCL patients treated on the phase 1, this robust activity has set the stage for the current COG pilot phase 2 trial that will determine the toxicity and efficacy of integrating crizotinib with standard chemotherapy in newly diagnosed ALCL patients (NCT01979536) with the goal of preventing relapse, especially on-therapy progression, and reducing toxicity in order to have a significant impact on overall survival.
Inflammatory Myofibroblastic Tumor
In solid tumors, ALK fusions were first reported in Inflammatory Myofibroblastic Tumors (IMTs) (19) , a rare mesenchymal tumor that can occur at any age but has a predilection for children and adolescents (20) . These soft tissue tumors most commonly involve the lung, abdomen/pelvis and retroperitoneum and the mainstay of curative therapy is complete surgical resection. Systemic therapy options such as cytotoxic chemotherapy or anti-inflammatory agents are limited for patients with unresectable, recurrent or (25) . Because these patients are likely to benefit from ALK inhibition strategies, it is now essential to incorporate these atypical but recurrent fusions into diagnostic sequencing platforms, and to move away from IHC alone for identification of ALK-driven IMTs.
PEDIATRIC CANCERS HARBORING ALK MUTATIONS: NEUROBLASTOMA
Despite major enhancements in treatment approaches over the past several decades, neuroblastoma remains a leading cause of childhood cancer deaths and survivors are left with long-term side effects (26) . The discovery of germline missense point mutations in the intact ALK oncogene as the genetic etiology of familial neuroblastoma (27, 28), and of somatically acquired mutations that predict for inferior outcome in patients with the most aggressive form of this disease (29) , has positioned ALK as the only mutated oncogene tractable for targeted therapy in this disease. ALK mutations are identified in 8% of neuroblastoma patients and span the entire spectrum of disease, including stage patients with a poor prognosis whose tumors harbor a molecular vulnerability that can be targeted therapeutically. However, despite our increasing knowledge of how to treat ALK-rearranged lung cancer and other ALK-rearranged malignancies, inhibition of fulllength mutated ALK remains a therapeutic challenge. Interestingly, the most frequently identified secondary mutations in ALK-fusion positive NSCLC at time of acquired crizotinib resistance are L1196M (rarely identified in NB) and G1269A (Table 1 ) (30).
These observations intimate that certain molecular contexts enable differential sensitivity to direct ALK kinase inhibition over others, suggesting a context-dependent role for ALK in driving response and mechanisms of resistance.
Our work -and that of others -has been successful in positioning ALK as the first tractable oncogene for targeted therapy in neuroblastoma, revealing that activating mutations are oncogenic drivers in some cases (27, 28, 31, 32) . In developing approaches to act on this knowledge, discerning non-activating from activating mutations is extremely important, and identifying non-activating mutations is one of the most central unmet challenges in progress towards personalized medicine (33) . Preclinical data argue that not all clinically observed ALK mutations are functionally relevant as ALK activators (Table 1) , and further, that some ALK-activating mutations also cause primary resistance to direct ALK kinase inhibition with crizotinib (29) . We find that 1 out of 11 patients with an ALK mutation harbors a 'silent' mutation (Table 1) . This highlights the importance of bringing mechanistic considerations to bear that can distinguish 'silent' mutations in ALK from those that are activating, so as to determine which nextgeneration ALK inhibitor has the broadest applicability across mutants, and so as to accurately distinguish the patients that are good candidates for ALK-targeted therapy. In the case of EGFR in lung cancer, mutations have now been found at ~70% of sites in the kinase (34) . Determining which are not relevant, which are surprisingly common, is as important as identifying those that are functional. Moreover, identifying which ALK (18) . Objective responses were seen in two patients with refractory neuroblastoma, both harboring germline ALK R1275Q mutations. Additionally, one patient with unknown ALK status had a complete response and five others had prolonged stable disease, three of which remain on treatment. This uncovers a primary resistance to ALK inhibition in patients who have an appropriate genetic abnormality but fail to respond. We speculate as to which of the newer generation of ALK inhibitors is likely to be most useful for which sets of mutations. Recent work from the Engelman group suggests that ceritinib would be more useful for I1171 and L1196 mutations (30) , and the new PF-06463922 compound may be best for F1174 mutations (35) . These findings underscore the need to develop a responder hypothesis for therapeutic stratification of newly diagnosed patients with ALK mutant neuroblastoma, to discover robust biomarkers of drug sensitivity and mechanisms of resistance to ALK inhibition, and to define circumvention strategies in the clinic in order to maximize patient benefit.
Additionally, more precise studies of clonal evolution in sequential samples form patients with neuroblastoma have revealed an emergence of ALK mutations at the time of relapse, a finding of utmost clinical importance given the development of ALK inhibition strategies (36) .
ALK AS AN IMMUNOTHERAPY TARGET IN OTHER CHILDHOOD CANCERS
Research. 
Although our understanding of the biology of childhood cancer has advanced substantially, new targeted therapies have not yet significantly improved outcomes or allowed the community to develop less toxic standard therapies. Recent comprehensive genomic analyses have yielded the sobering conclusion that actionable recurrent somatic mutations are rare in pediatric cancers (37, 38) , raising the prospect that we need to move beyond small molecules targeting mutant kinases if we want to substantially improve outcomes using precisely developed therapies. We now have the potential to leverage genomic, transcriptomic and proteomic analyses of childhood cancers to identify cell surface antigens expressed on tumor cells for development of antibody-based immunotherapies. Below are a few examples where ALK has been found to be re-expressed and provides the opportunity for immunotherapeutic targeting.
Neuroblastoma
It has been firmly established that activation by mutation or amplification renders the intact ALK receptor tyrosine kinase an attractive therapeutic target in neuroblastoma. Gene-expression profiling studies have identified distinct molecular signatures, with a postulated association between translocation-positive ARMS and ALK overexpression (45) . Additionally, prior studies have showed that ARMS were more commonly immunopositive for native ALK protein expression than other subtypes (46, 47) , with the largest series (n=116) showing a clear difference in ALK reactivity between alveolar (69%) and other (4%) (48) . There have been no reports of recurrent activating point mutations, translocations, or high-level amplifications in these tumors, suggesting that the differential ALK staining is possibly physiologic or from ligand participation, and it is unlikely to render this tumor subtype amenable to therapeutic targeting using small molecules such as crizotinib. While the role of ALK as an oncogenic therapeutic target remains to be validated in RMS, we can postulate a role for targeting ALK on the cell surface of these tumors using immunotherapeutic approaches.
Other childhood cancers
Research. We have developed a method for identifying tumor antigen candidates by leveraging publically available microarray gene expression databases of pediatric cancer and normal tissues, and other studies have shown a significant correlation between mRNA and protein levels (49) . Averaging ALK expression levels from individual tumor samples according to histotype and comparing to average normal tissue expression levels has provided the opportunity to define a broader role for ALK in pediatric cancers (Figure 1) (50-59).
In analyzing these data, it has become clear that re-expression of the developmentally regulated ALK protein is present across a subset of pediatric tumors, with a percentage of tumor samples showing substantially higher expression than normal tissues (Figure 1 ). This distinction is especially important in pediatric cancers where there is the clear concern that targeting receptors that may be present on normal tissues that are crucial to development, even at low levels, could be harmful. Notably, in addition to neuroblastoma and rhabdomyosarcoma, ALK is differentially expressed at high levels in subsets of medulloblastomas, gliomas, and Ewing sarcomas. The wide distribution of this target provides an opportunity for development of immune targeting strategies that could be safely achieved without loss of host integrity. How a tumor antigen is targeted by the immune system may be as important as the expression level of the antigen on various tissues.
While antibody-derived therapeutics targeting the ALK receptor at the cell surface is likely to be an approach that will be shared among several pediatric tumors, the safety of targeting ALK in this way has yet to be demonstrated. We have established that there is sufficient differentiation between cancer and normal host tissue using neuroblastoma as a model (1) 
antigen in various pediatric tumors, and to systematically evaluate cell-surface density as one of likely several biomarkers that supports its potential for immunotherapy. The broad role of ALK in pediatric malignancies should encourage a new look at common adult cancers.
CONCLUSIONS and FUTURE DIRECTIONS
Childhood cancer represents a rare disease and drug development remains challenging in part because of the limited availability of patient cohort and the limited marketability of drugs even when they are successful. This paradigm is now shifting as we face the opportunity to develop rational targeted therapies for small subsets of patients, and drug trials are beginning to group patients by shared molecular etiology across multiple diseases. A demonstrative example of this is the Children's Oncology Group trial of crizotinib that enrolled a molecularly selected cohort of patients with malignancies known to display a dependency on the ALK oncogene (18) . Marked anti-tumor activity was observed in patients with relapsed/refractory ALCL with complete and sustained responses reported, supporting the dependence of ALK-rearranged tumors on ALK signaling. Similarly, robust responses were reported for patients with IMTs, providing an effective and well-tolerated therapeutic strategy for these patients. However, numerous objective responses to crizotinib were not observed in patients with ALK-mutant neuroblastoma. The patients in this trial were heavily pretreated, in the late stages of their disease, and the increased incidence of loss of p53 function after the selective pressure of chemotherapy yields multi-drug resistant disease (60) . Strikingly, little is known about the genome of neuroblastoma at the time of relapse following intense cytotoxic chemotherapy, in part because patients are rarely subjected to a tumor biopsy.
There is some evidence to suggest that the neuroblastoma genome evolves extensively under the selective pressure of chemotherapy, and we hypothesize that targetable somatic mutations are enriched in this population and mediate therapy resistance even in the presence of an activated kinase. Deep-sequencing approaches have provided insight into the clonal evolution of this disease and revealed that ALK mutations may in fact occur as subclones present at low-level, with secondary expansion at time of relapse (36) . This provides strong rationale for performing biopsies and genomic characterization of relapsed neuroblastomas, with the prospect for direct patient benefit.
As high-throughput sequencing approaches generate broad cataloguing of genetic variations in cancer, we must be able to distinguish disease-causing or functionally relevant mutations from non-pathogenic passenger variants. This is critical in order to maximize clinical benefit, and false ascription of pathogenicity will result in severe consequences. As the volume of patient sequencing data accumulates, it is critical not only to deliver to the research and clinical community a validated catalog of these variations, but also to correlate these with oncogenic potency, and identify which targeted inhibitors effectively inhibit. The recent discovery and functional validation of oncogenic mutations in the extracellular domain of ALK in leukemia (61) not only broadens the role of this oncogene across histologically diverse tumors, but also presents an exciting therapeutic opportunity in rare subsets of patients based on shared molecular etiology. 
